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Introduction
Carbon is a very attractive material for electrochemical applications due to its different allotropes (fullerenes, nanotubes, graphene and diamond) of dimensionality from 0D to 3D [1, 2] . Carbon materials can be prepared in various microtextures from powders to freestanding fibres, foams, amorphous, crystals and composites [3, 4] . As an electrode material, carbon surface shows fairly low charge transfer impedance and high chemical stability in strongly acidic or basic solutions with good performance over a wide range of temperatures [5, 6, 7] . Carbon nanotubes [8, 9] , carbon nanofibres [10, 11] , carbon trees [12] , fullerenes [13] , the C n family [14] , carbon onions [15, 16] and carbon spheres [17] have all been investigated as an electrode material.
Among these various sp 2 carbon nanostructures, carbon nanospheres (CNSs) have attracted much attention because of their applications in electronic devices, catalysis, adsorbents and as anode materials in lithium-ion batteries [18] [19] [20] [21] [22] [23] [24] [25] . To date, most of these carbon nanospheres are hollow carbon structures composed of stacked hexagonal graphene sheets linked as rings.
By incorporating pentagons the flat structures eliminate all dangling bonds, enabling them to curl up to form a ball [16, 17] . Fullerene, C n cage, onion-like carbon nanospheres have shells with radial graphene-like layers differing in their interplanar spacing, particle size and the numbers of both carbon atoms and shells ( Figure 1 ).
Figure 1:
Schematic representation of carbon nanospheres.
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In this work we present a novel film of interconnected carbon nanospheres (ICNSs), which is composed of approximately a dozen laminar graphene layers. These spheres are hydrophilic and exhibit fast electron transfer in the presence of ferrocene-methanol or ferrocyanide as redox probes, which evidence their applicability as electrochemical sensors.
Experimental
ICNS film growth
The thin films of ICNSs were prepared on niobium disks (diameter 25 mm and 
Results and Discussion
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Structural characterisation of the ICNS layer
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observed in disordered nanoscale carbon phases [19] . This is consistent with the SEM images showing large amounts of edges and boundaries present in the film.
The G-peak is centred at 1600 cm -1 and does not shift with the excitation wavelength , suggesting the presence of a crystalline carbon phase. The G-band stems from in-plane vibrations and has E 2g symmetry corresponding to stretching vibrations in the basal plane (sp 2 domains) of single-crystal graphene or nanocrystalline graphite.
We have observed that the ratio of the area under the D and G peaks (A D /A G ) increases as the excitation laser energy (E L ) increases. The A D /A G ratio is useful to calculate the average crystallite size (L) using equation (1) [20] , where E L is the laser excitation energy in eV:
For E L = 2.41 eV (excitation by 514 nm , Fig 3 (c) ), our sample has A D /A G ~ 3.5 and thus a crystallite size ~4.8 nm, which is consistent with the TEM observations (Fig 2(c) ). the sp 2 and sp 3 carbon sites and carbon and oxygen bonds. In the first-order of all Raman spectra, besides the D-and G-bands already discussed, the feature at 1218-1273 cm −1 has its origin in a double resonance process on graphene phonon dispersion curves [21] . From the presence of the latter mode and D-and G-band analyses, we can infer the predominance of sp 2 carbon in the film. The small peak at around 1060 cm −1 (T-peak) reveals a slight content of sp 3 carbon [22] , which only could be detected by UV excitation (Fig 3 (b) ). The band centred at around 1489 cm -1 appears on all Raman spectra and is evidence of oxygen functional groups bonded to carbon on ICNSs [23] . In summary, Raman analyses indicate mainly the presence of highly crystalline carbon, such as graphene, together with oxygen groups attached to the surface. Figure 4 contrasts the ATR-FTIR spectra from the ICNS film with that from the hydrocarbon oil, which was used as precursor. From the spectra we can observe the carbon-carbon and carbon-oxygen bonds. The band around 1532 cm -1 is attributed to the C=C graphitic structure of carbon nanospheres, while the C-C bonds of the aromatic nuclei appear at both ~700 and 1200 cm -1 [24, 25] . The peaks centred at ~1250 and 1466 cm −1 are assigned to C-O and O-H (of carboxylic groups), respectively [26, 27] . The band at ~1660 cm -1 is assigned to the C=O stretching mode in quinone groups, and the band at ~1730 cm -1 is indicative of the C=O in carboxylic groups (COOH) [26] , which is consistent with Raman analyses and EDS results (spectra not shown). From EDS, we semi-quantified the atomic composition of the CNS film
Deconvolution of the
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as ~86 % carbon with the balance being oxygen. The main oxygen source is the solvent used for hydrocarbon oil refining and the alcohol (methanol and ethanol) vapours used during growth. These oxygen functional groups revealed by FTIR have polar characteristics and can interact strongly with water. The contact angle between deionized water and the ICNS surfaces is zero, where the water droplet instantaneously spreads over the sample surface, indicating an extreme hydrophilic surface. Also from FTIR spectra the band at 1030 cm -1 represents C-N bond stretching vibrations, and is found only on ICNS samples [28] , where the main source is the nitrogen gas used during growth. The band that ranges from ~2250 -2390 cm -1 is assigned to uncompensated CO 2 (g) from the air in the spectrometer. Both peaks centred at 1380 and 2920 cm -1 are assigned as bending and stretching vibrations of C-H. The intense bands at 3400 cm −1 indicate stretching vibrations of isolated surface -OH moieties and/or -OH in carboxyl groups in absorbed water [29] . From FTIR spectra we can conclude the oxygen functional groups are attached to the carbon in the ICNS film, changing the surface wettability of the sample. Hydrophilic carbon materials are desirable for charge transfer across an electrode/electrolyte interface.
Figure 4:
ATR-FTIR spectra of ICNS layers and the hydrocarbon oil (Vitrea 100) used for sample preparation.
Electrochemical properties of ICNS films
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Cyclic voltammograms (CVs) of ICNS film electrodes are displayed in Figure 5 showing ( . The ICNS electrode exhibits a working potential window of about 1 V, which is similar to that from standard glassy carbon or HOPG electrodes [30] . The interfacial capacitance was estimated from the current density as function of scan rate at 0.3 V in Figure 5 (a) . The double-layer capacitance was ~21 µF cm -2 for the ICNS electrode. Compared to a typical value for a HOPG electrode of 5 µF cm -2 [31] , this correspond to a surface area increase of ~4 times.
Characteristic CVs for ICNS electrodes in the presence of the two chemical probes are shown in Fig. 5(b & c) . A high degree of reversibility is observed at various scan rates. The peak current intensities are proportional to the square root of the scan rate, which means this is a diffusion-controlled process. The diffusion coefficients of the redox probes were estimated 7.4×10 -6 cm 2 s -1 for ferrocene-methanol and 7×10 -6 cm 2 s -1 for ferrocyanide based on the for ferrocyanide compared to ferrocene-methanol, which is attributed to impedance for charge transfer (R ct ). The R ct value extracted from analysis of the ICNSs/ferrocyanide interface was 0.8 kΩ, whereas that from the ICNSs/ferrocene-methanol interface was negligible.
Randles-Sevcik equation [32]
Figure 6:
Impedance spectra taken at 0.23 V as the frequency (f) is decreased from 100 kHz to 0.1 Hz for an ICNS electrode in 0.5 mM ferrocene-methanol (red ○ for impedance and + for phase) or 0.5 mM potassium ferrocyanide (blue □ for impedance and + for phase) with 0.1 M potassium nitrate aqueous solution. The data are presented as (a) Bode plots (the modulus of the impedance amplitude |Z| and the phase of the impedance response versus the frequency) and (b) Nyquist plots.
Cyclic voltammetry and impedance spectroscopy in the presence of both ferrocene-methanol and ferrocyanide as a redox probe exhibit reversible behaviour with a differential capacitance above 21 µF cm -2 .
Conclusions
We have presented a novel class of carbon nanospheres with diameters ranging from 2.5 to 10 nm and an interplanar spacing 0.32±0.02 nm. We believe that interplanar spacing is A C C E P T E D M A N U S C R I P T
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slightly lower than graphite due to internal stress of spherical configuration. However, this is a complex topic. For instance, literature showed that the spacing values of DWCNTs and MWCNTs vary from 0.27 up to 0.42 nm [33] . The most common values are in the range of 0.32-0.35 nm and do not strongly depend on the synthesis method. In particular, it was indicated that the stability of a CNT depends only on the interlayer spacing, which reaches an energy minimum when the mean interlayer separation is 0.34. In our case, the interplanar spacings are very similar ranging from 0.30 to 0.34 nm, suggesting that electrostatic interactions between partially charged atomic centres, which exist in our sample and are probably absent in graphite. These interconnected conducting spheres have a low production cost and show fast charge-transfer rate in the presence of ferrocene-methanol or ferrocyanide as a redox probes. The thin films are fairly well adherent to the substrate. The capacitance is about 21µF/cm2 which is similar to that of HOPG (5µF/cm2). The difference observed is probably due to the substrate roughness. These useful properties make ICNS electrodes very promising for future electrochemical applications as sensitive electrodes.
